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Abstract--Classical crystallography consists of the study of those atomic assemblies which can be 
generated by the function GROUP (MOTIF) ::), PATTERN. We are now concerned with the more general 
pattern-generating function: PROGRAM (MOTIF) :=), STRUCTURE, which requires us to look into the 
concept of INFORMATION in which the PROGRAM is written. Some structures may contain their own 
PROGRAMS where the information is represented asa material structure. Inorganic and living matter 
are part of a continuous spectrum of organisation. We present the outlines of a philosophy of structuration 
or structuralism based on the scientific rather than on the literary culture. 
A crystal acks rhythm from excess of pattern, while a fog is unrhythmic in that it exhibits a 
patternless confusion of detail 
--Alfred North Whitehead (1861-1947). [The Principles of Natural Knowledge. Cambridge (1925) 
p. 198] 
The difference between apiece of stone and an atom is that an atom is highly organised, whereas 
a stone is not. The atom is a pattern, and the molecule is a pattern, and the crystal is a pattern; 
but the stone, although it is made up of these patterns, is just a mere confusion. It's only when 
life appears that you begin to get organisation on a larger scale. Life takes the atoms and molecules 
and crystals, but, instead of making a mess of them like the stone, it combines them into new 
and more elaborate patterns of its own. 
--Aldous Leonard Huxley (1894-1963). [Time Must Have a Stop. London, (1945)]. 
Those reductionists who try to reduce life to physics usually try to reduce it to primitive physics-- 
not to good physics. Good physics is broad enough to contain life, to encompass life in its 
description since good physics allows a vast field of possible descriptions. 
--Carl Friedrich von Weissaecker (1912- ). [Theoria to Theory.. (1968)]. 
LITERARY STRUCTURE 
A book is normally a linear stream of words. If it is a biography, this often corresponds to the 
unidirectional passage of time in the life of  the subject. The introduction of  " f lashbacks" ,  
where the time variable jumps, is one technique for elegant variation. In a scholarly book- -  
On the Shoulders of Giants by Robert K. Merton comes to mind- - there  is often a mass of  
cross-references, footnotes, footnotes on footnotes and appendices, which gives a much more 
net-like structure, corresponding to the ramifying thoughts. An index may provide threads 
(clue = thread), tying each item to a central nervous system for retrieval. However,  not all 
topics (from topos = a place) have time as the principal variable. To describe a static scene 
in two or more dimensions (which thus cannot be projected into a linear sequence without 
disruption), other techniques are necessary. 
These one-dimensional scans may be analogues to the raster scan of  the television screen 
or to the vectorial movements of  the beam in a computer graphics system. Indeed, when an 
author finds great difficulty in describing a scene, he may resort to an actual picture. Further, 
when the three-dimensional reality is inadequately described even by a picture (as in the case 
of  protein molecules), solid stereoscopic representations may be necessary. When we are con- 
cerned with the changes in material structures in time, further dimensions are needed. This 
outlook is admirably caught by A. T. Winfree with his stimulating title: The Geometry of 
Biological Time, which is a study of  spatial and temporal rhythms in biology and chemistry. 
It should be as significant a book for scientists as Proust's A la recherche du temps perdus 
(1912) was for the literary culture. 
The problem is to construct a non-lineal book or article. [Here, " l inea l "  alludes to lineage. 
"Non- l inear"  is used for phenomena where the response is not proportional to the stimulus]. 
I first found such a book in 1942 in Meet Yourself as You Really Are by Prince Leopold 
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Loewenstein and William Gerhardi (1936, Penguin, 1942) which had a much more complicated 
structure. In it, the unit items of text, each perhaps half a page in length, led from one to 
another through addresses which followed the items. Each item might have several alternative 
addresses for the next module. Thus, the information was structured as in a modem computer 
data base and could be read in a vast number of different sequences. The actual geometry might 
be that of a three- [or greater] dimensional network of high coordination umber. This is what 
is needed for describing the association paths in the brain, which is just such a network. A 
network of this type is the basis of Table 1, but it can only be a vestige of a real mental network. 
INTRODUCTION 
We have a Pythagorean strain in our culture which has continually made congenial the 
idea that somehow the symmetrical geometrical figures--the Five Platonic Solids in particular-- 
are at the bottom of things. This attitude was caricatured in Swift's Gulliver's Travels, where 
the philosophers of Laputa carried about actual solid models of the concepts which they wished 
to discuss. If we wish to discuss spatial structure then we have effectively to do the same. The 
great power of computer graphics is that it gives us the possibility of conjuring up shapes from 
a data base and combining them in new ways (as Prospero does in Shakespeare's play "The 
Tempest"). Discourse about solid structures i impossible without effectively being able to call 
up pre-fabricated concepts, level upon level, the simplest being the Platonic solids, as we will. 
Literary labels, such as the words "rhombic triacontahedron" or "para di-chloro-benzene" 
have precise meanings. If we do not know enough of them, then we cannot even begin to use 
the hierarchically structured tree of concepts which is modem science. 
In the Timaeus, Plato put forward the idea that everything was made of exactly those units 
which are to be found today in every schoolboy's geometry set--45, 45, 90 degree and 30, 
60, 90 degree setsquares. These were then built into more complex objects and gave rise 
eventually to the properties of materials. 
Plutarch explained: Is their opinion true who think that he ascribed a dodecahedron to the 
globe, when he says that God made use of its bases and the obtuseness of its angles, avoiding 
all rectitude, it is flexible, and by circumtension, like globes made of twelve skins, it becomes 
circular and comprehensive. For it has twenty solid angles, each of which is contained by 
three obtuse planes, and each of these contains one fifth part of a right angle. Now it is made 
up of twelve equilateral nd equiangular quinquangles (or pentagons), each of which consists 
of thirty of the first scalene triangles. Therefore it seems to resemble both the Zodiac and 
the year being divided into the same number of parts as these." [Quaestiones Platonicae 5. I, 
1003C. (R. Brown trans.) in Plutarch's Morals, (ed. W. W. Goodwin) (1870), vol. 5, p. 433]. 
Visiting our present day society as a cultural anthropologist, what would Plato or Plutarch 
make of the World (Football) Cup ceremonies in which just such an object is kicked around in 
scenes of mass hysteria--clearly rites of cosmological significance? 
In fact Plato put forward three important concepts: 
(1) the idea that everything was made of an infinite number of a few units of pattem, 
(2) the idea of groups (abstract patterns without particular motif) and 
(3) the idea that the structure of a material determined its properties. 
The important analogy with the alphabet, where with a small number of letters one can 
write an infinite number of different sentences, has also been familiar since antiquity. The 
invention of the alphabet, one of the greatest steps for mankind, giving a physical representation 
of an abstract structure, built up hierarchically from 20 or 30 signs to the most complex 
intellectual concepts, clearly prompted the ideas that the manifold forms of matter were similarly 
built up from atoms. Epicurus (341-270 B.C.) put it quite simply: "The atoms come together 
in different order and position like the letters, which, though they are few, by being placed 
together in different ways, produce innumerable words". 
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ATOMS AND REDUCT1ONISM 
There have always been two schools, one the Democritean, based on the view that the 
complexities of living material were due to the possibilities latent in the combinations of simple 
inanimate units and the vitalist, theistic view that life was a reflection of some more perfect 
life pre-existing elsewhere. The Democritean view was characterised as "reductionist" which 
became a term of opprobrium. (Von Weissaecker's comment at the head of this paper tries to 
counter this view). Although everything is "just atoms" everything is intrinsically an inseparable 
whole. David Bohm, who has long worked towards this goal, claims that "there are no things, 
only processes". There is no absolute separation and thus no absolute symmetry. Many para- 
doxes arise if we claim that something is "absolutely symmetrical", or "absolutely isolated". 
However, we can make working rules for everyday use, although these may let us down in 
certain special cases. 
The conflict between materialism and spiritualism or religion has continued to be fought 
out in many theatres. The struggle can be followed in the literary as well as the scientific world. 
One cannot but look round the present-day world and repeat he often quoted phrase from 
Lucretius: "tantum religio potuit suadere malorum". Crystallography cannot help taking sides 
with Lucretius, Boscovich (Jesuit though he was), Maxwell and others who tried to work out 
the consequences of the combinations of atoms. Karl Marx even, who wrote his doctoral thesis 
on Epicurus and Democritus, summed up the position: 
Lucretius is the truly Roman heroic poet; his heroes are the atoms, indestructible, impene- 
trable, well-armed, lacking all qualities but these; a war of all against all, the stubborn form 
of etemal substance. Nature without gods, gods without a world. 
Seeing in this a description of the processes of molecular dynamics we may agree with J. L. 
Borges that, in the scientific field as in the literary, "Every writer creates his own precursors", 
a phenomenon quantified in the Science Citation Index. 
GROUP THEORY 
Groups are groups of operations, particularly symmetry operations, and they are distinctive 
because not all arbitrary combinations of operations are possible. Only certain combinations of 
operations can occur and these are called groups. The five Platonic solids are examples of pure 
structure. A motif, one of the triangles mentioned by Plato, is repeated by the symmetry 
operations to give the solid polyhedron. Abstract groups are nothing but relationships between 
operations--they imply no specific operations and no arguments. Similarly, perhaps in the wave 
equation 
the function V is understood, but what is the argument ~? 
For a century or so the science of crystallography as been dominated by this beautiful 
edifice of group theory which found a close expression in the actual structure of crystals. At 
first this was speculative but, from 1912, the X-ray diffraction analysis of crystals, essentially 
the X-ray microscope, has shown that the symmetrical patterns predicted (by Kepler, Barlow, 
Pope, Dalton and others) actually exist at the atomic level. 
Ptolemy (the Hellenistic astronomer) was captivated by the Platonic solids and constructed 
a universe of crystal spheres or polyhedra, concentric about the Earth, carrying the celestial 
bodies. Kepler tried to quantify this by showing that the radii of the planetary orbits about the 
sun corresponded to a nesting of the five Platonic solids. However, Kepler's greatness lay in 
his eventual discarding of this model in favour of a dynamic model embodying his three laws 
of planetary motion. The pattem of radii is generated by the internal dynamics and not by the 
imposition of external static structures. The music of the spheres model was unsuitable for the 
structure of the planetary system but it appeared again as the solution of Schroedinger's equation 
for the eigenstates of the hydrogen atom. The vibrating atom has indeed the symmetries of the 
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regular polyhedra postulated by Kepler. Just as Kepler escaped from too rigid a pre-conceived 
framework of symmetrical structure for the phenomena of Nature so also modern crystallog- 
raphers have gradually generalised their concepts of symmetry, escaping from the rigid formalism 
of the 230 space groups. In the present period we must acknowledge the great influence of 
J. D. Bernal in promoting ideas of a generalised crystallography which would gradually en- 
compass our growing knowledge of the properties of living and inanimate matter. 
We will not deal with the symmetries of the atom nor with the more remarkable symmetries 
now revealed in the structures of the nuclear world, but remain with the symmetries of the 
structures made of many atoms, which arise from their interactions. 
The idea of symmetry has been with us for two thousand years and is still extremely 
important although thought has been greatly enriched recently by ideas o f "  symmetry-breaking". 
This latter trend was first introduced by Jean Buridan (1297-1358) who described the plight of 
a strictly philosophical ass who found himself symmetrically placed between two identical 
bundles of hay but who, since he could see no reason for going to one rather than the other, 
starved to death. This is one of the paradoxes which arise when we try to make absolute 
statements. How an apparently symmetrical regime breaks up, even under an isotropic agent 
like change in temperature, to give fresh structure, is now an extremely active area of research. 
We see now how symmetry is not imposed on a system but results from the way it works. 
The study of form is again progressing and, after the successes in genetics, the whole 
question of morphogenesis is in motion again. The great goal of Ernst Haeckel (1866) to establish 
a "crystallography of organic form" has come round again in new guises, most notably that 
of "cellular automata". 
The fabric of the universe is undoubtedly hierarchical. All levels of organisation of matter 
overlap a little, but some separations are clearer than others. We realise now that all parts of 
the universe are coupled together, some tightly and some loosely. If there were any regions not 
coupled, then they could not be part of this universe, but would be reachable only, perhaps, 
through a black hole. We may distinguish: . . . quarks/nucleons/nuclei/atoms/molecules~/ 
cells/organisms/societies//planets/stellar systems/galaxies/ . . . Accordingly, we also run into 
paradoxes of Zeno's type if we discuss symmetry in absolute terms. The significant question, 
with respect o a physical rather than a mathematical system is: "how symmetrical7" When 
working with physical instruments you have to know their limits of accuracy and now, with 
computers, you have to begin by defining the number of significant digits in a representation 
in order to define whether two numbers are equal or not. How many repetitions i  effectively 
infinite? 
Crystals are perhaps distinguished in that their span of existence is in some cases very 
large. Crystals of silicon can now be produced which run for a metre or 3 × l09 layers almost 
without dislocation. If we consider a very small crystal of 1000 units, ten repetitions in each 
direction, then half of the units will be on the outside of the crystal and thus in environments 
very different from those enclosed within. Biological crystals how more frequently only a few 
repetitions in any direction before some new feature supervenes. 
CRYSTALLOGRAPHY 
At first, in the nineteenth century, crystallography was pre-eminently the science of spatial 
symmetry but, as a subject, it has been spreading and moving, by the accretion of new material 
on one side and by erosion of the other side like the Island of San Serriffe (Tucker, 1977), so 
that, although the name remains the same and no sudden change has taken place, the domain 
of study is nowadays quite different from what it once was. 
Until 1912, crystallography consisted mainly in the classification of crystals of mineral 
substances into one or other of the 32 crystallographic point groups, according to their idealised 
external forms. This was an economically important activity because crystals are only formed 
of identical units and their formation is thus a test for purity. The hand-picking of ores, 
recognising crystals of a particular mineral, is the foundation of all metallurgy and thus of 
civilisation itself. 
One of the earlier questions to be answered was: what symmetries are possible for an 
infinite lattice of points? This was answered by several people with the number 32, the number 
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of the crystal classes, proved with varying degrees of rigour. Given that, as Hauy had postulated, 
a crystal was a regular assembly of unit cells (molecules integrantes) what symmetries were 
possible? Speculation had taken place as to their internal structure and this had resulted in the 
remarkable formulation of the 230 crystallographic space groups. 
The question was: in what different ways can an infinite number of identical asymmetric 
units be arranged in space so that all have identical surroundings. Here "identical" may include 
also the mirror image of a configuration being reckoned as identical. 
This question was answered independently b E. S. Fedorov, a mineralogist in St. Peters- 
burg, A. M. Schoenflies, a professor of rational mechanics in Goettingen and by William 
Barlow, a businessman and amateur chemist in Cambridge and London. 
Crystallography is the science of symmetrical structure, primarily at the level of the ar- 
rangement of atoms. Atoms of the same element are practically and theoretically indistinguish- 
able. Symmetry means that the structural motif of one part of the design is repeated elsewhere. 
Unit plus recurrence rules or operations gives overall pattern. But, the paradox is that the group 
in fact appears as a function of the motif. Different motives generate different groups, and in 
biology different motives give different programs. 
We may take "crystallography" to be the science studying the structures and properties 
of assemblies made of large numbers of copies of a single type of unit, or of a few types of 
unit. The word "leptonics" was suggested by E. Haeckel for the science of fine structure but 
it did not become popular. But after all, "physics" and "chemistry" are hardly self-defining 
names. The name has the meaning which becomes attached to it. So also with "crystallography". 
FROM SYMMETRY GROUPS TO PROGRAMS 
Many kinds of operations of recurrence appear as operators in our computer programs 
generating diversity from identity. These include: Rotations, crystallographic, rational, irra- 
tional, infinitesimal. Translations: identical or similar: Centre of inversion: (and inversion axes); 
Reflection; Similarity: Statistical or stochastic operations. Except for the last three items, these 
are the subjects of classical crystallography and, since there are many excellent manuals, they 
will not be examined in detail here. We are concerned here with going beyond them. 
Atoms, electrons, molecules are exactly equal (with molecules, isotopic incoherence and 
different excited states begin to creep in) (although, in the particle physics world there may be 
some difficulty in distinguishing two different particles from two excited states of the same 
type of particle) higher up, organisms begin to be only quasi-equivalent. (Viruses, ants . . . .  
human beings). (Abraham Lincoln, following Euclid's style, began with the axiom: "All men 
are created equal"!) 
Mathematical symmetry depends on decoupled systems, easier to achieve conceptually 
than physically. Partially decoupled systems require the quantification of symmetry. 
There are really three ways of looking at the symmetry groups: 
(1) Taking the structure as a whole and asking: Under what groups of operations i this 
arrangement invariant? This leads us to the traditional 230 space groups. 
(2) Setting up a framework or scaffolding of interlocking symmetry elements and then 
putting in a single motif of pattern and seeing how it is repeated infinitely by the symmetry 
operations. Each particular space group has a set of operations defining how the motif is to be 
repeated. 
(3) Starting from the more recent idea of cellular automata nd asking how the large-scale 
pattern emerges by the interactions of neighbouring elements. This new attitude is enabling 
theory both to escape from the classical constraints and also to connect with physical, biological 
and computer science. The system GROUP(MOTIF) = PATTERN has been thoroughly studied: 
interest is now in the more general function PROGRAM(MOTIF) = STRUCTURE. 
INFORMATION 
The new understanding of the genetic ode has shown us a pair of structural systems, the 
nucleic acid (DNA/RNA system of the genetic ode) and the protein structures which operate 
as functional and structural components and which are related to each other as language is to 
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referent. Thus we have found another natural anguage in which a symbolic system and its 
material substrate xist side by side. In the DNA/Protein system we have the severe constraint 
that the description, the language, must also be a material structure of atoms and must obey 
also the laws of chemistry and physics which apply to all such systems. The symbolic systems 
of thoughts in the brain and of writing on paper or magnetic tape must also obey the relevant 
physical aws. 
Having seen that genes are primarily material structures pecialised to carry information, 
we can ask about the information content of various physical systems. In other structures the 
information is not localised as it is in genes, but the medium is the message. Seeing a protein 
molecule with a biochemical function we may ask what information corresponds to it. The 
information contained in the corresponding gene describes how to make the protein molecule 
given the appropriate backing machinery. The information also says something about the ev- 
olutionary history of the protein. Step by step protein and gene evolved dialectically by the 
passage of information from one to the other under the pressure of the environment. We can 
see that the protein structure corresponds to a certain amount of information. 
If we consider a very complex inorganic structure, for example the mineral Paulingite, 
which contains everal thousand atoms in its unit cell, we may ask where are the genes which 
code for it. Where is the information which makes this structure in the appropriate environmental 
conditions. The answer must be that the structure is its own information carrier. The information 
it carries is not arbitrary but relates only to the mineral itself. As we move from non-living to 
living matter we see a progressive segregation of the information-carrying function. 
Gregory Chaitin has developed a useful definition of randomness. Given a sequence of 
binary digits, can this sequence be described by a description which is much shorter than the 
sequence itself?. For example, the sequence (of 30 bits) 
000110001100011000110001100011 
is simply the sequence 00011 repeated six (110) times. Thus 30 bits can be reduced to about 
8 (in the framework of a particular system of logic). Thus, the sequence is not random but can 
be described by about 8, instead of 30, bits of information. 
It is possible, however, to find inorganic structures which do carry arbitrary information. 
Polytypes such as silicon carbide perhaps do so. We can now make, by molecular beam 
evaporation, arbitrary sequences of particular compounds. Indeed, Graham Cairns-Smith as 
been pressing the view that kaolin, clay, has many of the properties of a gene and can carry 
arbitrary information (in the distribution of the A 1 atoms among the silicon atoms in the sheets. 
Armin Weiss has evidence that this distribution can be replicated and that particular distributions 
can be selected for by particular environmental conditions. Thus, there is a prima facie case 
that inorganic precursors of genes may in fact exist. 
We may define, in the most general terms, a crystal as being a structure, the description 
of which is much smaller than the structure itself. 
In a typical inorganic crystal the information about the structure of the crystal is carried 
in a non-localised form by the rules of interaction between the particular atoms present. In a 
protein molecule the information about the sequence from which its crystal structure flows is 
carried in the associated DNA sequence but this assumes also the lower level regularities in the 
interactions between the constitutent atoms. 
CELLULAR AUTOMATA 
With the ready availability of computers with graphical displays operating in real time, a 
new and powerful metaphor has entered crystallographic theory. This is the concept of cellular 
automata. It was begun, about 1950, by Stanislaw Ulam, and achieved wide popularity with 
the "Life Game" developed by J. H. Conway. A cellular automaton is essentially a pattern in 
space generated by the interaction of individual units, usually thought of as "ceils" in space 
but being also perhaps material objects, with their neighbours. Each unit may have several 
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states, such as being occupied by an atom or not, and the state of each unit is determined by 
the states of a certain number of neighbouring units. The rules of interaction may be simple, 
but could be substantial stretches of computer program. The whole pattern continually re-arranges 
itself on these local criteria. S. Wolfram has recently classified the behaviour of cellular automata 
into four classes. It is very tempting to identify these with different categories of material 
structure. These categories are: 
(I) Patterns which settle down to the same result whatever the starting configuration. (We 
might think of a sodium chloride crystal, which appear s inevitably whenever the appropriate 
ions are mixed and allowed to settle. There is no alternative structure.) 
(II) Patterns where there are a few definite outcomes which depend on the starting positions. 
(This may be the production of various phases of a material, for example the various cement 
compounds in the complex phase diagram of CaO/SiO2/H20 according to the paths taken in 
the temperature (pressure) composition configuration space.) 
(III) Patterns which are extremely sensitive to the exact values of the starting positions. 
(Here we may have complex structures which can store arbitrary information, like DNA se- 
quences producing particular proteins with very different properties which are extremely sensitive 
to certain mutations.) 
(IV) Patterns which are extremely unpredictable. For these there is no method of predicting 
their behaviour which is simpler than the system itself. Certain of these automata ppear to be 
general computers in the sense of Turing. (Here we see some of the phenomena of living systems 
and life itself.) 
We may expect hat this computational nalogy will bring in a new era in crystallography 
by establishing a secure link between the inorganic and living biological systems brought about 
by an understanding of the role of information in material structure. 
CONCLUSIONS 
Today, crystallography is no longer the science dealing only with the symmetry of the 
external forms of mineral crystals but has exfoliated to become a much more general science 
dealing with structure at the atomic level--the way in which the aggregations of atoms combine 
to give the manifold properties of matter, living as well as inanimate. The connections between 
topics are so numerous that they can only be described by the multi-dimensional network which 
I have endeavoured to provide in Table 1. The numbers in brackets after each entry indicate a 
few of the connections with other entries. 
Francis Galton invented the "word association game" and believed that words or ideas 
were stored in the brain such that some were nearer together and some were further apart. He 
showed that this network was strongly characteristic of an individual. If we move from the 
central core of classical crystallography, then we can see how all kinds of other questions group 
round it. Since the brain is a three-dimensional structure, the ideas in the brain should be 
representable by a three-dimensional network. H. G. Wells commented: "Queen Victoria was 
like a great paper-weight that for half a century sat upon men's minds, and when she was 
removed their ideas began to blow about all over the place haphazardly." Once we see that 
the classical theory of the crystallographic space groups is not the only structuring principle, 
then we can lift off from our minds the incubus of the 'qnternational Tables for X-ray Crys- 
tallography" and begin to wander about and to realise that there is a whole complex of connected 
concepts which also form the hunting-grounds of crystallographers. 
Notes, expanding the catch-words of the diagram follow, so as to enable the mental 
associations to be understood. To present his mental topography would require three-dimen- 
sional paper, but items can be examined individually. The numbers in square brackets given 
after each item refer to closely associated concepts in the table but in fact the network is much 
more richly interconnected than is indicated. 
j 18. Dual systems - -  46. Biological systems 
I 43. Computer graphics 17. C~lular utomala _ _  47'. ~l:~irlgl~'s 
Chreodes 48. Morphogenests 
44. . ~ Software, hardware, 
wetware ~ Illforrnatlon ~ 1 
~ 4 ~ 5 .  A 16. Informational structures 51. The Kaolin / . . ' ' heory / "  Xerox machine 
/ 9. Fractional / of discnpttons ~ / 
dimensionality bstract structure I 14, Internal Dimensions 53. 1-,2-,3-dimensional 
I 7. The Penrose pattern editing 
c ta, I.co'--s.ble / 
6. Pentagonal symmetry periodicities 12. Molecular beam epitaxy 
J ~Ho l , ,~raphy  5. Local symmetry 11. Defects and dislocations 55. Fibres ~50.  The Fibonacci 
42. ~,~ry-large-scale ~ / I / / pattern 
integration ~41.  Three-dimensional 10. Coincidence-site lattices 
integrated circuits 38. Transforms 4.-Quasi-equivalence and twinning 
/ /  19. Macro-crystals 1. CLASSICAL CRYSTALLOGRAPHY 23. Finiteclustors I 
27" Hierarchii structures ] J /  ~ ~ and crystallites ~ 24 Am°rph°us metals; ' ' 
29. Renormalisation 28. Self-similarity and / glasses 
inflation operations 2. Distance geometry - -  3. Delone's formulation ~ 20. Voronoi and 
Delone dissections 
J ~ I ~ 57. Finite lement 
31. Lyotropicliquid 30. Perioclic minimal ~ 36. Interface-driven 21. Engineering structures analysis 
crystals surfaces structures I 
/ ~ I / ~ ~ 22. Maxwel's Diagramof Forces | 
32. Natural membranes 33. Clathrate formation 37. Introversion/ 56 Brillouin zones 26, Molecular dynamics 
I extraversion I 
34, Zeolites 
I 58. Fermi surfaces 
35. Cheiral frameworks 
59 Read out by 
Electron Microscopy 
54. Liquids 
Table I. Topics connected with the generalisation of crystallography--a concept-association network 
> 
t -  
c3 
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1. Classical crystallography 
The theory of perfect infinite crystals where every unit cell is the same and every atom is 
in its proper place. Every unit of pattern (asymmetric unit or fundamental region) has surround- 
ings which are identical with those of every other. The crystal as a whole belongs to one or 
other of the 230 space groups. Since the crystal is infinite it can have no faces. The external 
forms of crystals are dealt with by considering the possible combinations of point symmetry 
elements (having no translational components) which may transform an infinite point lattice 
into itself. This gives the 32 crystallographic point groups or crystal classes. The formalism 
describes the arrangement of the atoms with respect to axes defined by the symmetry elements. 
The concepts of classical crystallography may be set down as follows: 
(a) a crystal consists of an infinite repetition by translation i three non-coplanar directions 
of a unit cell. Thus all unit cells in the crystal (deemed infinite) are identically situated. 
(b) the motif of pattern or asymmetric unit of structure is repeated inside the unit cell by 
the elements of symmetry so that each motif of pattern has surroundings identical with those 
of every other. Thus every crystal structure belongs to one or other of the 230 crystallographic 
space groups. 
(c) the unit cell contains an integral number of formula units or molecules. 
(d) the external form of a crystal (here not infinite but consisting of a very large number 
of unit cells) belongs to one or other of the 32 crystallographic point groups of symme- 
try. (2,4,10,19,20,21,39,49) 
2. Distance geometry 
The coordinates of the atoms in a crystal structure are conventionally given with respect 
to axes defined by the symmetry. These x,y,z coordinates have individually no physical sig- 
nificance. It is, however, possible to describe the whole structure in terms of internal coordinates, 
distances, bond angles and torsion angles, which are of physical significance. Since a bond 
angle can be represented by three distances and a torsion angle by six, distances between all 
pairs of atoms describe a molecule (or complete structure). Interconversion between systems is 
possible. ( 1,3) 
3. Delone's formulation 
Delone, Shtogrin, Galiulin and later P. Engel have recast he formalism of space group 
theory to show that if the local surroundings of each lattice point are identical with those of 
every other, out to a certain finite distance (2R to 6R, where R is the radius of the largest empty 
ball (not containing a lattice point) then the usual space groups are obtained.(1) 
4. Quasi-equivalence 
The classical theory of crystals requires every unit of pattern to have surroundings identical 
to that of every other (out to an infinite range). In many cases it is sufficient hat surroundings 
should be only quasi-equivalent. In correspondence with physical reality there may only be 
limited equivalence and thus symmetry elements of limited range. The theory of crystallography 
on a spherical surface (as is the circumstance for many viruses), was developed by Caspar and 
Klug on this basis.(l,5) 
5. Local symmetry 
In an infinite crystal there may be extra elements of symmetry which operate only over a 
limited range. These may be seen by non-space-group extinctions in the diffraction pattern. For 
example in crystals of units of tobacco mosaic virus there are local 17-fold axes corresponding 
to the symmetry of what are recognisable as units made of 2 x 17 subunits. As here the local 
operations need not be "crystallographic".(4,6) 
6. Pentagonal symmetry 
There may be a conflict between the symmetry possible for an isolated unit and that possible 
for a unit in an infinite lattice. Thus, a five-fold axis is not one which an infinite lattice may 
exhibit and is thus a non-crystallographic symmetry element. However, it may nevertheless 
occur locally.(5,7) 
30 A.L. MACKAY 
7. The Penrose pattern 
This appears to be a unique quasi-lattice which has local five-fold axes of symmetry. It
may occur in two-dimensional or three-dimensional form, the plane pattern being a section 
through the three-dimensional. The pattern has recently been observed experimentally in splat- 
cooled A16Mn. It is hierarchic and non-periodic, although made out of copies of two types of 
tiles infinitely repeated. It is possible that a similar tiling with seven-fold symmetry exists, if 
negative tiles are allowed in order to remove the overlapping of closely packed hepta- 
gons. (6,8,13) 
8. Aperiodic crystal 
It was suggested by Schroedinger C'What is Life?", 1945) that arbitrary information could 
be transmitted by an "aperiodic rystal", something like a regularly punched tape, that is, by 
frequency or amplitude modulation of a regular structure. This has been found to be realised 
in the sequences of nucleic acids in the "double helix".(7,9) 
9. Fractional dimensionality 
Geometrical structures, which have perimeters and areas which are fractional powers of 
their linear dimensions, instead of being proportional to the first and second powers respectively, 
have been known for some time and have been, as "fractals", extensively discussed by B. 
Mandelbrot. Looking into natural structures .examples can be seen. The Penrose pattern and 
snowflake-like patterns, produced by recursive operations, have such properties.(8,15) 
10. Coincidence-site lattices and twinning 
The regular structure of a crystal may be interrupted by a sudden change of orientation (or 
by a translation jump--giving an anti-phase domain) across a boundary where the two domains 
retain some symmetry elements in common. This twinning may happen once or it may be 
repeated. If it is repeated regularly then we recognise a superstructure. (1,11) 
11. Defects and dislocations 
The perfection of classical crystals may be marred by defects of a wide variety of types. 
There may be additional atoms or absences or displacements of atoms or larger lines, planes 
or volumes of the crystal may be disturbed. A large sector of materials cience is concerned 
with the mechanics of such defects.(6,10,12,13) 
12. Molecular beam epitaxy 
Using ionic beams for depositing layers of atoms or for implanting uest atoms in specific 
regions, together with electron beam etching for removing material, it is now possible to construct 
materials of almost arbitrary structure and composition on a nearly atomic scale. Such materials 
form the basis for coming generations of electronic ircuits. Conversely, details of arbitrary 
structure at the atomic level can be read our by high resolution electron microscopy and other 
techniques. The whole question of crystal growth is reaching the level of the individual 
atom.(11,51,59) 
13. Incommensurable p riodicities 
Perfect crystal structures may be modulated by displacements of atoms in static waves 
which are not related to the periodicities of the crystal attice. These modulations show up as 
extra spots in the diffraction pattern which may be as strong as the normal spots. Thus, not all 
extra lines in a powder diffraction pattern must be due to the presence of an extra phase or 
impurity. That is, the regular structure spontaneously adopts a symmetry-breaking arrange- 
ment.(7,11,14) 
14. Internal dimensions 
By holding energy in rotational modes, a gas may carry more than the energy (3/2)KT 
belonging to the translational motion of the molecules. The molecules appear to have internal 
dimensions and the adiabatic gas constant gamma for nitrogen, for example, may be greater 
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than expected. A structure being microporous, may appear to have 'internal area' and to have 
a fractal area.(13,15,61) 
15. Chaitin's theory of descriptions 
G. Chaitin characterises a structure, the simplest structure being a sequence of N binary 
digits (0s and Is), as non-random if it can be described by many fewer than N binary digits, 
for example if it repeats periodically. If about N digits are needed and the description cannot 
be made shorter than the structure itself, then the sequence is random. What structure you can 
see in a sequence may depend on how intelligent you are and what you know already. (14,16,60) 
16. Informational structures 
An abacus is a structure with movable beads which can be used for the storage of arbitrary 
information such that the information should be stable against random thermal disturbances. 
The DNA chain is such an abacus and similar devices can be imagined as made of layer 
sequences of SiC or as patterns of substitution of AI for Si in kaolin sheets.(15,17,51) 
17. Cellular automata 
There exists a very large branch of mathematics and computer science, known as "automata 
theory" which deals with the generation and description of patterns in one or more dimensions. 
One class of such patterns is "cellular automata". Examples of these are "the life game" of 
J. H. Conway and "The Ising model" of a lattice of magnetic spins. Some automata re 
reversible and some not.(l 6,19,43,47) 
18. Dual systems 
One structure may carry arbitrary information from which another structure can be gen- 
erated. There may be dual systems (such as that of protein sequence/DNA sequence) where 
equivalent information may exist in two forms and be translated from one to another, much as 
in a dynamic system energy may exist in two forms (kinetic or potential) and may pass from 
one form to another.(17,58) 
19. Macro-crystals 
Crystals need not have atoms as the units which form periodic arrays. In, for example, 
opal, microspheres of silica (ca. 2500 A in diameter) pack under colloidal forces to form crystals. 
beta-FeOOH, polystyrene and tungstic oxide particles in monodisperse suspension also form 
macro-crystals. If material is transported from convex surfaces to concave in such a macro- 
crystal, then a periodic surface of minimal curvature may result.(l,27,28,41) 
20. Voronoi and Delone dissections 
It is only conventional that crystal structures should be described by parallelepipedal unit 
cells. An equivalent description can be given in terms of space-filling convex polyhedra which 
are obtained by taking the planes perpendicularly bisecting all lines between lattice points. 
Dissecting further, it is possible to form a Voronoi polyhedron around each atom. As a mod- 
ification, instead of the perpendicularly bisecting plane, a number of other ules can be followed. 
The most useful is to take the radical plane. Thus, a structure can be treated as a packing 
(without interstices) of convex polyhedra. The Delone dissection is a unique dissection into 
tetrahedra which follows from the Voronoi or other dissection.(1,3,21,24,57) 
21. Engineering structures 
It is possible to regard a crystal of atoms held together by interatomic forces as an engi- 
neering structure and to apply the methods of computational engineering for computing its 
properties. Finite element analysis is one of the techniques which can be carried over. (20,22,61) 
22. Maxwelr s diagram of forces 
J. C. Maxwell showed that for reasonable physical conditions a network, reciprocal to a 
given three-dimensional framework could be drawn, such that the areas of the faces of the 
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reciprocal polyhedra represented in magnitude and direction the forces between pairs of nodes 
in the primary framework. This can be applied to atomic arrangements.(21,57) 
23. Finite clusters and crystallites 
As crystals get smaller the importance of the surface gets greater and, for very small 
particles, may be a dominating concern in determining the stable structure. Small clusters can 
be modelled by computation. The basic characteristic of crystals that all units of pattern must 
be in identical surroundings has to break down from sheer topology. In a crystal 10 x 10 × 
10 units cells, half the unit cells are on the outside. Thus there is an absolute scale of size in 
the number of repeated units.(l,24,25) 
24. Amorphous metals; glasses 
The unit cell formalism of crystals cannot be carried over to amorphous materials where 
there is usually a random network arrangement of atoms (or other units of structure) but the 
Voronoi space-filling dissection methods of description can be applied to both. Similarly, liquid 
structures can be brought within the ambit of "crystallography" with appropriate extensions of 
concepts, such as that of coordination polyhedra.(23,25,54) 
25. Mesophases 
Between liquids and crystals there is a range of intermediate states of order usually called 
"liquid crystals" or "meso-phases". The principal types of liquid crystal are "nematic", 
"smectic" and "cholesteric" but many sub-classes are to be distinguished.(23,24,55) 
26. Molecular dynamics 
A large technology of simulating the behaviour of atomic/molecular systems, roughly 
following the kinetic theory begun by Maxwell, but using large computing facilities, has de- 
veloped and enables global parameters of materials, (heat capacity, dielectric properties, etc) 
to be calculated from interatomic forces. The obtaining of global parameters in agreement with 
experiment confirms that the interatomic forces were correctly chosen. The calculation resembles 
that of making a "cellular automaton" but the interacting components do not lie on a lat- 
tice.(21,61) 
27. Hierarchic structures 
In most complex structures, particularly those of living systems, larger units consisting of 
smaller units, which themselves consist of still smaller units, can be distinguished. That is, 
most structures are hierarchic. The spans of the different levels in the hierarchy may differ. 
Some units may be composed of only 10 sub-units. Crystals are rather exceptional in that some 
crystals may consist of 1024 sub-units (atoms or units of chemical formula). H. A. Simon's 
parable of the watchmakers clearly shows the greater probability of the formation of hierarchic 
structure s. (19,29,40) 
28. Self-similarity and inflation operations 
Some structures, well above the level of atoms, appear unchanged when magnified by a 
certain factor. This is a self-similarity operation, more easily implemented in mathematical than 
in physical system. Spirals typically have this property. The Penrose pattern (q.v.) has this 
property. A. V. Shubnikov and later others have classified the similarity space groups. (1,29,30,31) 
29. Renormalisation 
Renormalisation is a technique for handling critical point transitions, for example the Curie 
point, below which temperature a lattice of randomly oriented magentic moments may spon- 
taneously orient itself. Each small group of spins is replaced by a single larger unit of suitably 
averaged properties, and so on hierarchically until the unit considered comprises the whole 
volume of the specimen. It parallels the physical process by which correlation waves get longer 
as the critical point is approached.(27,28) 
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30. Periodic minimal surfaces 
These are geometrical invariants which actually occur in a variety of physical systems. A
"soap-fi lm" surface of zero mean curvature (Gaussian curvature verywhere negative, (hy- 
perbolic) or zero) can repeat in three dimensions according to one or other of the 230 space 
groups to divide all space into two congruent regions. A. H. Schoen (1969) has found some 
17 such types of surfaces only 5 of which were known before 1900 to H. A. Schwarz and E. 
R. Neovius.(28,31,33,36) 
31. Lyotropic liquid crystals 
The clearest occurrence of the periodic minimal surfaces of H. A. Schwarz is in phases 
of glycerol mono-oleate where the lipid bilayer takes up the shape of the F-surface (Longley 
and Mclntosh, 1981). Other surfaces may be expected in this type of system.(28,30,32) 
32. Natural membranes 
There are a number of natural systems in which the building elements are membranes (just 
as there are many where the elements are fibres). These include etioplasts, silicate sheets, lipid 
bilayers as in myelin as well as notional membranes such as grain boundaries. In these, the 
geometry of the system may be controlled by bulk properties such as surface tension or curvature 
[Fontell, 1981].(30,31) 
33. Clathrate formation 
Clathrate compounds are those where a network in three-dimensions forms around isolated 
and inactive guest molecules, such as gas molecules. The guest molecules may or may not be 
capable of removal without breaking the network. A series of the gas hydrates and certain cage 
silicates have isomorphous structures. Besides water and silica the cage may be formed from 
urea, quinone and a variety of other molecules. Clathrate formation on templates i  thus an 
important building principle. The matter is not only of academic importance since much of the 
Russian natural gas is found as solid clathrate crystals.(30,34) 
34. Zeolites 
Zeolites represent a large and important class of cage silicates, "molecular sieves", where 
arrays of cavities and tubes of various sizes can be constructed [Wells, 1977].(33,35) 
35. Cheiral frameworks 
It is still uncertain whether a system of cheiral cavities can be constructed as a silicate 
framework for use in filtering one hand of molecules from their mirror images. One of the 
theoretically constructed periodic minimal surfaces, the gyroid, (Schoen, 1969) divides all space 
into two regions one of which is the mirror image of the other. A cheiral filter would be of 
value in separating optical isomers for biological purposes. It has been suggested that silica 
gel, precipitated around cheiral molecules which are then removed, may have such proper- 
ties.(34) 
36. Interface-driven structures 
In a number of structures, for example a foam of soap films or grains of aluminium, the 
surface tension may be a controlling factor. Aluminium grains grow on annealing minimising 
the interfacial area.(30,37) 
37. Introversion/ extraversion 
We might use these terms as synonyms for hydrophobic/hydrophilic forces which sum- 
marise the individual forces between a large number of atoms. Protein molecules are seen, for 
example, as micelles, where a minimum energy configuration is achieved by concentrating 
hydropbobic ("oi ly") groups on the inside of the globule which is surrounded with hydrophilic 
groups which then interact with the aqueous medium. Milk, for example, consists of such 
micelles and by churning, these can be inverted into butter, so that the fat becomes the continuous 
phase and includes globules of water.(36) 
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38. Transforms 
A density distribution in three-dimensions can undergo a Fourier transformation (and 
reversely). This weighted reciprocal lattice is what can be observed in the "X-ray or electron 
microscopy" of crystals on which our knowledge of their atomic arrangements depend. The 
description of structures in real and in reciprocal (transform) spaces are dual to each other.(39) 
39. Holography 
The process of the "X-ray microscopy" of crystal structure is formally very similar to 
that of holography.(1,38) 
40. Wulff's Law 
G. V. Vul'f pointed out that the equilibrium shape of a crystal, the faces of which had 
different surface tensions, was the one which minimised the total surface energy. Conversely, 
the relative surface energies of the different faces can be calculated from the equilibrium 
proporti6ns of the crystal.(4,27) 
41. Three-dimensional integrated circuits 
Integrated circuits and structures of molecular dimensions are approaching each other in 
scale. Molecular electronics is a developing technology since speed and memory requirements 
push towards three-dimensional arrays of circuit elements. It is possible that we might arrange 
circuit elements, molecules or actual two dimensional chips, on the minimal surfaces which 
occur in lyotropic colloids, in silicate frameworks, and in a variety of other structures. Here 
we have crystallography appearing at a new level, where the units are not atoms or molecules 
but much larger units. (19,31,40,42) 
42. Very large scale integration (V.L.S.I.) 
Already arrays of microprocessors resemble two-dimensional crystals and techniques of 
crystallography are used for making them.(41,56) 
43. Computer graphics 
A large technology has developed for handling three-dimensional images or models of 
molecular and crystal structures of all kinds. Experiments in the interactions between molecules 
can now be made "in machina" (as well as in vivo and in vitro) since reliable value of the 
interatomic interactions are available. Further, anything which can be imagined can be drawn. 
Experiments can be done to see the results of all kinds of pattern-generating relationships in 
which the description of a structure and the structure itself may be linked.(17,48,56) 
44. Software, hardware, wetware 
Software is the programme or description of a process. Hardware is the computer system 
on which the programme is executed and wetware now represents he molecular sensors which 
interface the computer to the real chemical and biological world.(45,56) 
45. Abstract structure 
Geometry, group theory, network theory, information theory and automata theory are 
examples of abstract mathematical reas which bear directly on the needs of generalised crys- 
tallography. Practical questions arising from crystallography ave stimulated many areas of pure 
mathematics. A computer program is an abstract structure.(44,60) 
46. Biological systems 
Real biological systems have structures which are specialised for the storage and tran- 
scription of information. The information-carrying elements have also to obey the normal aws 
of physics just as much as the other structural and operational material.(l 8,48) 
47. Waddington's Chreodes 
C. H. Waddington used the idea of a multi-dimensional l ndscape to visualise the devel- 
opment of an organism. The route of development ran down valleys meeting branch points from 
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time to time at which critical choices were made. In a much more restricted sense the topography 
of the reaction paths in molecules has been mapped in N-dimensions. J. D. Dunitz has applied 
the classical space group theory to the description of symmetries in this configuration space.(17,48) 
48. Morphogenesis 
The whole field of the genesis of shape and form in living organisms, beginning with the 
gastrulation of a cell, is now actively developing with the stimulation of automata theory and 
a number of other branches of mathematics. The aims of Ernst Haeckel, articulated in his 
Generelle Morphologie der Organismen (1866), to establish a "crystallography of organic 
forms" are now being approached in a more sophisticated way.(46,47) 
49. Helices 
The most general relationship in space between two units is that one can be brought o 
superposition with the other by a rotation and a translation which moves it along a helix. The 
first great break in classical crystallography (about 1950, with the discovery of the alpha-helix 
of protein chains) was the realisation that irrational helices actually occur in materials, and thus 
that not all structures fall into one or other of the 230 space groups. The double helix of DNA 
(1953) emphasised this situation and it is now realised that between crystals and "amorphous" 
structures there is a great variety of different kinds of organisation.(l,55) 
50. The Fibonacci pattern 
The seeds in the head of a sunflower grow in a spiral pattern which involves the Fibonacci 
series and results from the local interactions between the seeds which press on each other and 
are unable to move far. There is evidence that when fibres pack in a dense bunch, twisted like 
a rope, they produce this kind of pattern. It may be observed as the lines of Retzius in elephant 
ivory and perhaps in collagen as well as in commercially produced ropes.(55) 
51. The kaolin xerox machine 
G. Cairns-Smith as evidence that kaolin plates are able to retain, in the pattern of Al 
and Si atoms, a certain amount of arbitrary information and that this may be replicated by the 
growth of further crystallites from initial seeds. Thus, we may have an alternative to the DNA/ 
Protein system as a naturally-occurring self-replicating system. It may be another example of 
the self-replicating system postulated by J. yon Neumann.(16,59,61) 
52. Maximum entropy 
A powerful mathematical principle enabling the most information to be extracted from a 
diffraction pattern or from an image of a structure and employing to the best advantage any a 
priori information about the structure which may be available (Bricogne, 1984).(38) 
53. 1-,2-,3-dimensional editing 
Regarded as a physical process, editing, the alteration of the neighbourhood f a particular 
item in a structure, is clearly easiest for a one dimensional structure (a linear sequence of text) 
than for a two-dimensional one (a picture or, for example, a newspaper page). A three-dimen- 
sional structure is hard to edit since there is no further dimension into which items can be 
removed to transport them to somewhere else. Editing has to be done by shuffling vacancies. 
Thus, it is not surprising that the main natural information structure, the genetic ode, is a one- 
dimensional sequence which can be readily chopped up and re-assembled in the course of 
evolution or of artificial bio-engineering. Two-dimensional editing is just possible, but the 
advantages of sheet storage of information may be that it is readily duplicable, like a natural 
Xerox machine. Information locked in a three-dimensional structure is secure against altera- 
tion.(14,5 l) 
54. Liquids 
Liquids represent a particular challenge as regards the specification of their rules of ordering 
which must be determinate at close-range but random at longer-range. Under the influence of 
J. D. Bernal, who developed a geometrical (random network) theory of liquid structure, which 
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forced thermodynamic and other theories of liquids to become more material and realistic, the 
structure of liquids has come to be included in the subject matter of generalised crystallogra- 
phy.(24,25) 
55. Fibres 
From the early 1930s, when W. T. Astbury took up the examination of all kinds of fibres 
by the X-ray diffraction methods then hitherto used for crystals, the study of materials ordered 
in less than three dimensions has been part of crystallography. This kind of study culminated, 
in 1953, with the discovery of the structure of the double helix of DNA by J. F. C. Crick and 
J. D. Watson.(25,49,50) 
56. Brillouin zones 
In the study of waves in crystals the reciprocal lattice has played a large part and this was 
developed, initially by L. Brillouin, to give an elaborate geometrical structure of surfaces in 
reciprocal space which explain well the electrical properties of metals. The Brillouin zones into 
which this imaginary space is divided resemble the minimal surface found in lyotropic olloids 
and elsewhere.(20,56,58) 
57. Finite element analysis 
With the advent of computer power theoretical engineering has developed to the study of 
larger and more complex structures. It can be seen that there are strong similarities between 
the theoretical chemical studies of the mechanics of protein molecules and of the modes of 
vibration of a complex engineering structure. Finite element analysis consists in the subdivision 
of a continuous tructure, such as a curved steel container, into a network of discrete lements 
with interactions which are mathematically describable. This procedure nables powerful net- 
work algorithms to be applied by computer.(20,22) 
58. Fermi surfaces 
The Fermi surface is a surface in reciprocal space and relates to the energies of waves 
propagated in particular directions in a crystalline metal. It treats the propagation of electron 
waves as a particular case of Brillouin's treatment ofthe motion of waves in a periodic structure. (56) 
59. Read out by Electron Microscopy 
The resolution of the electron microscope has improved to the point where, under good 
conditions, the positions of single atoms can be seen. This affords the possibility of being able 
to read out such positions from a structure as arbitrary information. The complementary writing 
process might be implantation of ions by a similar device. (12,51 )
60. Information 
REFERENCES 
(In a global reconnaissance, such as we have provided above, we cannot give full references for every statement, 
but will confine our documentation to general accounts with only a few specific items. Thus, this is more a reading 
list than a list of references keyed to specific citations.) 
1. S. Andersson, On the description of complex inorganic rystal structures. Angew. Chem. lnt. Ed. Engl. 22, 69- 
81 (1983). (A modem but classical account of complex structure.) 
2. J. D. Bemal, (1958). The importance of symmetry in the solids and liquids. Acta Physica (Acad. Sci. Hung.) 8, 
269-276 (1958). 
3. J. D. Bemal and C. H. Carlisle, The range of generalised crystallography. Soviet Physics--Crystallography 13, 
811-831 (1969). (This is the first and clearest articulation of the program of "generalised crystallography".) 
4. L. Blumenthal, Distance Geometry. Oxford (1951). 
5. W. L. Bragg, The Crystalline State, Vol. I. Bell, London (1933). (The oldest and clearest account of the range 
of classical crystallography after the discovery of diffraction.) 
6. G. Bricogne, Maximum entropy and the foundations of direct methods. Acta Cryst., A40, 410-444 (1984). (A 
very difficult but authoritative summary of the principles of "generalised microscopy" .) 
7. G. Cairns-Smith, Genetic Takeover. Cambridge University Press (1980). (The examination of alternative infor- 
mation-carrying systems.) 
Generalised crystallography 37 
8. G. J. Chaitin, Randomness and mathematical proof. Scientific American May, 47 (1975). 
9. B. N. Delone, N. P. Dobilin, M. I. Shtogrin and R. V. Galiulin, A local criterion for regularity of a system of 
points. Sov. Math. Dokl. 17, 319-322 (1976). (Mathematical theorems of the "'new" classical crystallography.) 
10. G. Donnay and D. L. Pawson, X-ray studies of echinoderm plates. Science, 166, 1147-1150 (1969), H-U. Nissen, 
Science 166, 1150-1152 (1969). 
11. R. C. Evans, Crystal Chemistry. Cambridge University Press (1939). (A comprehensive statement of the range 
of crystal chemistry as developed by the Cambridge school.) 
12. K. Fontell, Liquid crystallinity in lipid--water systems. Mole. Cryst. Liq. Cryst. 63, 59-82 (1981). 
13. E. Haeckel, Generelle Morphologie. Berlin (1866). (An early program for the study of biological morphogenesis.) 
14. B. Hayes, (1984). Cellular automata--computer rec eations. Sci. Amer. 250, 10-16, (1984). 
15. International Tables for X-ray Crystallography. International Union of Crystallography. (But previous editions 
from 1935. The authoritative statement of the space groups of crystallography and everything to do with the 
notations of classical crystallography.) 
16. W. Longley and T. J. Maclntosh, A bicontinuous tetrahedral structure in a liquid-crystalline lipid. Nature 3113, 
612-614 (1983). 
17. A. L. Mackay, Generalised crystallography, lzvestija Jugoslav. Centr. za Kristallogr. 10, 25-36 (1975). (A more 
recent statement of the scope of generalised crystallography.) 
18. A. L. Mackay, Crystal symmetry. Physics Bulletin, 495-7 (1976). (An early introduction of the idea of cellular 
automata into crystallography.) 
19. A. L. Mackay, (1981). De Nive Quinquangula. Soviet Physics (Crystallography), (Kristallografiya, 26,909-918). 
(A discussion of the role of the "forbidden" five-fold symmetry in crystal systems.) 
20. B. Mandelbrot, Fractals, Freeman, San Francisco (1977). (A statement of hierarchic structure in self-similar 
systems. A key extension of classical ideas.) 
21. M. O'Keefe and A. Navrotsky, (eds.), Structure and Bonding in Crystals. Academic Press (1981). (The solid 
chemical foundations of the structure of crystals.) 
22. F. C. Phillips, An Introduction to Crystallography. 
23. Longmans, London (1949). (and later editions--a clear statement of the classical science of the external forms of 
crystals.) 
24. D. Schechtman, I. Blech, D. Gratias and J. W. Cahn (1984), "Metallic phase with long-range orientational order 
and no translational symmetry," Phys. Rev. Letters, 53, No. 2, 1951-1953 (12 Nov. 1984). 
25. H. A. Simon, The Architecture of Complexity. Proc. Amer. Phil. Soc. 106,467-482 (1962). (H. A. Simon played 
a key role in the development of the association between information and structure.) 
26. A. Tucker, The Guardian, p. 21, I April (1977). 
27. A. E Wells, (1962). Inorganic Crystal Chemistry, 3rd edn. (but also subsequent editions) Oxford (1962). (A 
standard manual of inorganic rystal structure.) 
28. A. F. Wells, Three-dimensional Nets and Polyhedra. Wiley, New York (1977). 
29. A. T. Winfree, The Geometry of Biological Time. Springer Verlag (1980). (A pioneering introduction to the 
complexities of structures which change in time as well as space introducing a host of new vistas.) 
30. S. Wolfram, J. D. Farmer and T. Toffoli, (1984). Cellular automata. Physica D 10D, Nos. 1 and 2 (1984). (The 
most substantial manifesto f the new school working out the structuring properties of cellular automata.) 
